Imperfections in the crystal structure, such as point defects, can strongly modify the optical and transport properties of materials. Here, we study the effect of point defects on the optical and DC conductivities of single layers of semiconducting transition metal dichalcogenides with the form M S2, where M =Mo or W. The electronic structure is considered within a six bands tight-binding model, which accounts for the relevant combination of d orbitals of the metal M and p orbitals of the chalcogen S. We use the Kubo formula for the calculation of the conductivity in samples with different distributions of disorder. We find that M and/or S defects create mid-gap states that localize charge carriers around the defects and which modify the optical and transport properties of the material, in agreement with recent experiments. Furthermore, our results indicate a much higher mobility for p-doped WS2 in comparison to MoS2.
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Introduction-The mobility of current single layer crystals of transition metal dichalcogenides (TMD) is highly dependent on the screening environment and is limited by the presence of defects in the samples. The existence of defects in the chemical and structural composition of those materials can influence their optical and transport properties, as revealed by recent experimental results. A broad peak at ∼ 700 nm (∼ 1.77 eV) in the optical spectrum of bilayer MoS 2 has been associated to impurities [1] whereas the mobility of multilayer samples has been shown to highly depend on the substrate and dielectric effects [2] . Vacancy defects in the crystal, which can be created by means of thermal annealing and α-particle [3] or electron beam irradiation [4, 5] , trap free charge carriers and localize excitons, leading to new peaks in the photoluminescence spectra [3] . Recent experiments [5] show that the density of sulphur vacancies in MoS 2 is of the order of 10 13 cm −2 , corresponding to an average defect distance about 1.7 nm. The existence of line defects, which separate patches or islands where the layer direction is opposite to its surrounding, can lead to changes in the carrier mobility [6] , and the importance of short-range disorder has been proposed as the main limitation for the mobility of chemical vapor deposition (CVD) grown single-layer MoS 2 [7, 8] .
Therefore, it is necessary to understand the effect of impurities in the optical and transport properties of TMD, as a first step to exploit the controlled creation of defects as a route to manipulate their electronic properties. There are several theoretical works which have studied this problem using ab initio methods [6, [9] [10] [11] [12] [13] [14] [15] . However, the simulation of realistic disordered samples of TMD with a random distribution of defects are extremely expensive computationally for density functional theory (DFT) methods, since they require a very large unit cell in the calculation. In this paper we follow an alternative route and perform a systematic study of the density of states, optical and DC conductivities of single-layers of MoS 2 and WS 2 in the presence of point defects, by means of a real space tight-binding (TB) model for large systems, containing millions of atoms. In our simulations, Mo/W and S point defects are introduced by elimination of atoms which are randomly distributed over the sample. This method allows us to study point defects such as unreconstruced vacancies, chemically bonded atoms or molecules, and strong substitutional defects which prevent the electronic hopping to the neighbors. We also consider clusters of point defects. We use a TB model that considers the relevant orbital contribution in the valence and conduction bands, as well as the effect of spin-orbit coupling (SOC) [1, 16] . The optical and electronic properties are obtained numerically by using the tight-binding propagation methods (TBPM) [3, 6, 7, 19] . Our results show that point defects create midgap states whose energy depends on the specific impurities. We show that optical transitions involving the impurity bands lead to a background contribution in the photoconductivity at low energies, in agreement with recent experiments [22] . We further calculate the DC conductivity of disordered MoS 2 and WS 2 , finding that the impurity states do not contribute to the conductivity within the gap, whereas they lead to a depletion of it outside the gap.
Method-Transition metal dichalcogenides as MoS 2 and WS 2 are composed, in its bulk configuration, of twodimensional S-M -S layers (M =Mo,W) stacked on top of each other, coupled by weak van der Waals forces. The transition metal atoms M are ordered in a triangular lattice, each of them bonded to six S atoms located in the top and bottom layers, forming a sandwiched material. Similarly as in graphene, the weak interlayer coupling makes possible to exfoliate this material down to a singlelayer [23] . The electronic band structure of MoS 2 changes from an indirect band gap for multilayer samples, to a direct gap semiconductor for single-layers [16, 24] . We consider a 6-bands tight-binding model which contains the proper orbital combination that contributes to the valence and conduction bands of M S 2 : 3 d-orbitals of the transition metal (d xy , d x 2 −y 2 and d 3z 2 −r 2 ) as well as the symmetric (antisymmetric) combination of the p x , p y (p z ) orbitals of the top and bottom chalcogen atoms [16, 25] . The base vector can be written as (1) where
y, z and the subscripts t and b refer to the top and bottom S layers, respectively.
We also consider the intra-atomic spin-orbit coupling a λ aLa ·Ŝ a , where a = M, S accounts for both, the transition metal M as well as the chalcogen atom S, λ a is the corresponding intra-atomic SO interaction,L is the atomic angular momentum operator, andŜ = σ is the spin operator. The optical and electronic properties, such as density of states (DOS), quasi-eigenstates, optical and DC conductivities, are obtained numerically by using the TBPM [3, 6, 7, 19] (more details can be found in the Supplementary Material).
Results and discussion-The effect of point defects in the DOS of MoS 2 and WS 2 are shown in Fig. 1 
(a)-(c).
The defect concentration (0.2%) for single point defects in Fig. 1 (a) and (b) is chosen to be of the same order as the intrinsic vacancies observed in recent experiments [5] . For clean samples (black lines), the DOS has a gap ∆ which corresponds to the well known direct gap of single layer samples at the K points of the Brillouin zone (BZ). Defects in the samples lead to the appearance of a series of peaks in the gapped region of the DOS, which are associated to the creation of midgap states localized around the defects, whose energy and strength depends on the specific missing atoms, their concentration as well as the specific arrangement of the point defects as individual missing atoms [ Fig. 1(a) and (b) ] or in clusters of point defects with variable radius [ Fig. 1(c) ]. For the same concentration of defects, isolated point defects modify more strongly the DOS than clusters of defects. This is the reason why we show results for 0.2% of single defects, and 1% of cluster of defects with a radius R = a [35] . The impurity states have also an important effect on the optical conductivity [ Fig. 1(d)-(e) ]. First, let us consider the case of undoped and clean MoS 2 and WS 2 . Since single layers of those TMD are direct gap semiconductors, the only optical transitions allowed at low energies are two set of inter-band transitions with ω ≥ ∆ from the edges of the SOC split valence bands to the conduction band at the K and K ′ points of the BZ [26] . Those transitions lead to the A and B absorption peaks observed in photoluminescence experiments [22] , and the SOC splitting of the valence band manifests itself in the optical conductivity through the step like feature of σ(ω) that can be seen in the black lines (for pristine MoS 2 and WS 2 ) of Fig. 1(d) -(f). This feature is especially visible for WS 2 due to the strong SOC associated to the heavy W atom [1] , which lead to a plateau like feature for σ(ω) of ∼ 400 meV, in agreement with the energy separation between the spin polarized valence bands. The existence of defects in the sample lead to flat midgap bands which activate new optical transitions with ω < ∆ in the optical spectrum. Most importantly, these new optical transitions lead to a background contribution which appears in the optical conductivity at low energies, as it can be seen in Fig. 1(d) -(f) for different concentration of defects, suggesting that resonant impurities, like the defects studied in this work, could have a relevant contribution to the optical spectrum of TMDs [22] . Furthermore, it is interesting to note that this background contribution due to disorder resembles that observed in the the optical conductivity of highly doped graphene [27] .
Our results for the DC conductivities are shown in Fig.  2 , which demonstrate a significant asymmetry between electrons and holes, in reasonable agreement with experiments [2] (note that the observations are done in multilayered samples). The fact that Mo and W defects lead to localized states well inside the gap, as illustrated by the densities of states also shown in Fig. 2 , combined with the fact that the bands at the K and K ′ points of the BZ can be approximated by an effective gapped Dirac equation [28, 29] , suggests that these defects can act as resonant scatterers [30] , which give rise to a mobility almost independent of the carrier density (see below and the T-matrix analysis in the Supplementary Material).
The localization of these midgap states are clearly seen by their local density of states (LDOS) plotted in Fig.  3 . The amplitude of each orbital in real space is obtained from the average of quasiegenstates with different initial states. The profiles of the localized states show either hexagonal symmetry or mirror symmetry, depending on the type of the orbital and the energy of the midgap states. For S defects, the impurity state at the energy −0.86 eV is localized mainly (∼ 65.6%) on d 3z 2 −r 2 orbitials of neighboring Mo atoms, with small amount (∼ 9.6%) on p z,S orbitals of neighboring S atoms. For Mo defects, on the other hand, there are two midgap states, one centered at 0.18 eV, with mainly localized p x(y),A (∼ 23.4%) and d 3z 2 −r 2 (∼ 21.2%) orbitals, and another centered at 0.4 eV, with mainly localized d 3z 2 −r 2 (∼ 46.4%) and p x(y),A (∼ 21.6%) orbitals. The detailed DOS of each orbital as a function of energy is shown in the Supplementary Material.
Results for the carrier mobility, defined as µ (E) = σ (E) /en e (E), where the charge density n e (E) is obtained from the integral of density of states via n e (E) = E 0 ρ (ε) dε are shown in Fig. 4 . We notice that n-doping corresponds to Mo(W) point defects, whereas p-doping corresponds to S point defects. We observe that for n-doped samples, MoS 2 and WS 2 show similar mobilities, whereas for p-doped samples, the mobility of WS 2 is larger than for MoS 2 . Our results show that in gen- eral, the mobilities of TMDs are low, but they are larger for holes than for electrons, in agreement with previous experimental results [2, 7] . The results for the mobility suggest that it is independent of carrier concentration, except at the edge of the valence band. As we have discussed before, this is consistent with the expected features of resonant scatterers. A more detailed analysis of resonant scatterers in gapped Dirac systems is required in order to make this statement more quantitative, however. Note, finally, that our analysis leaves out the effect of the missing charge at the defect, which can lead to a long range potential, and to intravalley scattering [31] . Conclusions-We have studied the effect of point defects in the DOS, optical and DC conductivity of single layers of TMDs like MoS 2 and WS 2 . The existence of point defects in the sample creates flat midgap bands which activate new optical transitions in the optical spectrum, leading to a background contribution which appears in the optical conductivity at low energies, in agreement with photoconductivity measurements. Our results show a significant asymmetry between electrons and holes. The DC conductivities and mobilities are larger for holes, in agreement with experiments, and we find higher mobilities for p-doped WS 2 than for MoS 2 . Mo and W defects induce localized states well inside the gap, suggesting a behavior similar to that of resonant scatterers in graphene. In Fig. 6 we show an sketch of the distribution of defects considered in the main text.
Tight-binding Propagation Method-Our method is based on the numerical solution of time-dependent Schödinger equation (TDSE) in the TB model. The initial state |ϕ is considered as a random superposition of all orbitals over the whole space which covers all the energy eigenstates [2, 3] 
where a i,o,σ are random complex numbers normalized as i,o,σ |a i,o,σ | 2 = 1, and |i, o, σ represents the o orbital with spin σ at site i. The density of states can be obtained by the Fourier transformation of the overlap between the time-evolved state |ϕ(t) ≡ e −iHt |ϕ and the initial state |ϕ as [2, 3] ρ (ε) = 1 2π
Here we use units such that = 1. The time-evolution operator e −iHt is calcualted numerically by using Chebyshev polynomial algorithm, extremly efficient for a TB Hamitlonian H which is a sparse matrix. Within the TBPM, the optical conductivity (omitting the Drude contribution at ω = 0) is calculated by using the Kubo Top left: R = a with cluster centers on Mo (MoS6 defects); top right: R = a with cluster centers on S (Mo3S2 defects); bottom left: R = a with cluster centers on Mo and S (MoS6 and Mo3S2 defects); bottom right: random defect-clusters (R < 3.5a), as described in the text. For illustrative purposes, the size of the sample shown in this sketch is 50 × 100 (considerably smaller than the sizes used in our simulations), and the concentration of defects is approximately equal to 1%.
formula [3, 4] σ αβ (ω) = lim
whereβ = 1/k B T is the inverse temperature, Ω is the sample area, f (H) = 1/ eβ (H−µ) + 1 is the FermiDirac distribution operator, and the time-dependent current operator in the α (= x or y) direction is J α (t) = e iHt J α e −iHt . The DC conductivity at zero temperature is calculated by using the Kubo formula at ω → 0 [3, 4] 
where |ε is the normalized quasi-eigensate [8] . The accuracy of TBPM is mainly determined by the time interval and total time steps used in the Fourier transformation.
The main limitation of the numerical calculations is the size of the physical memory that can be used to store the quasi-eigenstates |Φ (E) in the calculation of DC conductivity. In the present work, we have fixed the temperature to T = 300 K for the optical conductivity and to T = 0 for the DC conductivity. We study systems containing 2400 × 2400 atoms, with periodic boundary conditions.
Orbital DOS-Here we complement the information for the localized states around the impurities shown in Fig. 3 of the main text, and we show in Fig. 7 the contribution of each orbital to the DOS of MoS 2 with 0.1% of S or Mo defects.
Dependence of the conductivity on the concentration of defects-In Fig. 8 we show results similar to Fig. 1 of the main text, but comparing different concentrations of defects. The height of the peaks in the DOS in the middle of the gap, associated to localized states around the impurities, increases with disorder, resulting in a larger background contribution to the optical conductivity for energies lower than the gap.
The mobility of the samples decreases with the concentration of defects, as it is shown in Fig. 9 for samples with clusters of defects, as stated in the figure. Low energy model for the DC conductivity-The numerical results shown in Fig. 2 for the DC conductivity can be complemented with a low energy approximation in which we can calculate the conductivity using the T matrix [5] , which accounts for the scattering of electrons by resonant impurities
where V is the potential accounting for the impurity, and g 0 (E) is the local unperturbed Green's function, which for a semiconductor with electron-hole asymmetry can be obtained from a density of states of the form N 0 (E) = D c Θ(E − ∆/2) + D v Θ(−∆/2 − E), from which we obtain
where W c(v) accounts for the width of the conduction (valence) bands. The case of interest here, which is defects, can be considered by the limit V → ∞ which leads to T → −1/g 0 (E). From this the conductivity can be calculated from σ = (2e 2 /h)E F τ where τ −1 = (2π/ )n i |T (E)| 2 N 0 (E F ) is the scattering rate in terms of the concentration of impurities n i . 
